NON- 



STROMA-FBEE 
^TRAMERICHEMOGLOBIN 



jffiLDOFTHEINVENTlON being "-d"""-™"^"' 

,0 free such that His capable of." 



tree bu»^^^ 

nn 3,000 umts. Schre ^^^^ 
„,„i«,neats.lt»usthev.n,.^^ 

satrsfactot, oxygen carrytng cap«ty ^^^^.^^ ^ .o ttot^f 

perfluorcarbons,liposom 



20 



,.„an,.Uposo,»es suffer &o»s»c»«."^*'^' 

concentration. j c„ from the lungs to the 

Bccausehen,o,o«n — '-^J 
,,„es,pur«e.hemo,o«nhas^ne.n J^^^^^^ 

,„.s«.ute. Hemoglobin is reported to^^ ^ ^_ , 

.cU.Hurnanhemoglobinisapro.etnhvga^^^^^^^ 

, consis.soffoursub„nits,t.o.paH>«^-; ^^^^^^^^^^^^ 

Bachof.esuhu.tsc..na^^^^^^^^ 

releases oxygen Hemoglo „,wely facilitates oxygen 

.bunitsof.hehemoglobinrnolecule,and*r P ^^^^^ 
„^,,„, When henroglohin hinds ox,gen.t^^_^ _ ^^^^^^^^^^ ^^^^^ 
, 5 state (deoxygenatcd, to the lower energy J , „, . p„,. 

,,..»dhetaglohingenesha.h^^^^^^^^^ 

^lallofwhichareincorporatedhyrefere^ 

(1977); and Uwnetal.,Cc!UJ0^ 

in their entirely). „„ delivery, hemoglobin has long been the 

Because of its na»al role ,n oxyge ^ „„„d cells, which 

^,tofeffortstodevelopahloodsnbs»u.-« ^^^^^^^^^^^^^ 

arereferredtoasghostsorst^ma^^^^^^^^^ 

f.Uemonstrated,hatsomeof*e.»P .^^^^^^ 
^Mod to the membrane (stroma) of r^d bl ^ 

,„agere,ui,ementsforbloodre,u,rec.m ^^^^^^^^^^^ 
-onhe.— .di..es— 

3„ r:::^r„-allyselec..r.herapeuticresear^^^ 
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,v Wood substitute therapy would offer 
aav^^Se. over — „^ W« „.e„. and 

severity o, undesire. 'nunune «spon. • ^^^^^ „f 

in cell membrane as It IS the rea 

AddiUo-y, once oumde of *e red ^^^^ 
.c.a...af«,roro.ysen.«.wou^^^^^^^^^ 

p.,sio>o,ca. condiaons. SFH was J «.„Uon. This disrupts U,e 

, U.and».-^>^^'-"7^:r;::Ln.erap.^ 
a«U.ofa,= Wne,.oco— -^^^^^^^ 

ftomteinttavascularvolume. Excess ,fce rerenton time of 

,„n,ern,nsin.e.dneyc.ca— 
sBonra-free human hemoglobmis on m 

,0 nation i7:555 (1977)^ , ,„nce of Us 

The rapid cleanng of SFH by „f a 

^oiecuiararrangemen.. - '^'^ * ...ns. WirhiniheRBCOre 

„„.nrericarrange,nen.ofa,0,a. h^^^^^^^^^ 

association o, .he aipha chatn w.th s co« P , ^^^^ 

,5 no. disassocia,e under physiolog.cai condtuon • 

,edi,nerism.ered*rou,h*eg.»e™.^^ 

To avoid such removal, SFH has ^p^,,, 
, ,„er several chemical agentshaveheenu-dtocross 

30 tetramer. ocvoictx 



• 
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,^.U*hen,og.oWnCrye.USPam ^^^^^^^^ 
„,e„nceini.e„..e.y,.F»-caa 2 

^^^^^^ 

aipnosphoglycera... Ins* b>o^ • ^ ^^^^ ^^^^ 

„.y^„ .ranspon. Tl-e binding °' JJ^.^^^, ^,„,,Hi„g .M or «o« ) in 

„pO«d .0 produce SFH,.th. 23 P ^ ^ ^„„3e,„ence, 

p„.M,y.oa.he™^o«nand*sass<.,.f-^^^^^^^^ 

,RBCs. The — a»n..o * J^^^^ bovine 

,Hvsio>o,ca,conaio„s,H..naM»^^^^^^ 
hemoglobin does no. tequ.re2,3-DPG.o 

. h,ins of hemoglobin will prevent disassociation 
C„ss.in.ng*ea.phao,be.cta.^»^2^^^^^^^^ 

,.e.e„ame..lUs,bedisasso-»^^^^^^^^^ 
hemoglobin in the plasma .0 be filtered by I 

haptoglobinintotberetictt— ^s^^^^^^ 

The teuameric structnte otT state deo y ^^^^^^ 

------"•^t::— ! -l-cLtarea..^ 

30 disassociating into dimers. in this cont 
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i.n 
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aphosphoglycerate binding sue) ,n deoxjhem ^^^^ 

explain the decreased oxygen attimiy cross-linking the SFH 

. ui onri resistant to denaturation. Thus, cross lu & 

kidney. -ko^ ^Tve U S Patent No. 4,529,719), 

and may be employed in cases 01 a nvrosenicity, and which may 

--o.ahloodsuhstitutethatex— ^^^^^^^ 

.ereforeheemployedinnon^cutec....^^^^^^^^^^^^^ 

long term or non-emergency transfusion use. P 

improved blood substitute. 



SUMMARY OF THE INVENTION 
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lAKY ur i^-^^ 

, „ isaireCcdtoameihodforproOuangapurifiedprepaxaUonof an 

:r— .^^^^^^^^^^^^ 

ae* *e invention pvovdes. a ^ „ „ 

_a..ee,e..-Un.ea_c.,e^.^^^^^^^ 
-en.— .inwHic,..e.e™ -^^^^^^ 

«l,„<,logy. from chemical symhes,s, e.c.). ^^^.j^, „,ygen-free, 

The invenuon also provides a non-pyrogemc endotox 
s.roma-free,cross.linked,ettamerichemoglobin. 
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0 steps of: 



■ fi,r,h.r provides a blood substitute composiUon comprising a 

■ endotoxin from a preparation containing red blood cells; 

(A) removing endotoxin from p ^ ^^^.^d cells; and 

(B) removing oxygen from the preparation contammg 

(C) lysing red blood cells; 

°' dotoxin from a preparation containing red blood cells; 

(A') removrngendotoxmiromapi y 

(u'^ ivsine red blood cells; and 

C, lvingo.,gen.o.nben,oglobin„nbel,s.redbo.* 
^ , the sub-embodiments wheremm process 

Tbeinventionpartrcularlyconce..^^^^^^^^ 

step (B) or (C), the oxygen is removed by centrifugi g 
5 „ .ems the sub-embodiment wherein the process for 

30 (B) or (C) comprises subjectmg me 



tion The invention further concerns the sub- 
.e.oveoxygenfro.thepreparaUo.m^^^^^^^ 

...odirnentwhereinprocessst B^^^^ 
the cells under vacuum at a speed sufficient t p 

tension of the solution. embodiment wherein the preparation of 

phannaceutically acceptable cam^^^ ^^^^^^_^^^^^^^^^^ 
free, sttoma-free, cross-hnked te.«m ^ ^^^^^ 

(C) lysing red blood cells; 
I ;Trlsen.o».M™.ap«pa«ao„co„-«S.e.«o<,.ceU. 

.5 (B') '^'"^'=*"'^tLlos«„of*e,scared«oodceUs. 

S <^'> °*"!"oa>.e„.ofsuc..e.ho*wb^^^^ 

5 — *°"rc:«ugingU,e^«oodceUs.nae^ 

O The invention also concerns the emoo 

5 ,0 n,e.hc.addiUonallycon,pnsesthes|e^o^^ 

* (D) separating hemoglobm from me s 

(E) cross-lin«"^*esepatatcdhe™^obi.^^^^^^^^^^^^^ 

The invention patticulatly conce»s the 
,,.aitionall,co.ptises.as.n.sn.a.s.^^^^^^^ 

,5 «i.h.bectoss-lin.edhento,lohin...h 

(B) or (C) compnses suh,ect,ng 

„„oveox,sen.ontthep«par«-^^^^^^^^^ 
embodiments wherein method step (B) or (C) 
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# 

The mvennon also p,ov,d ^ „„„.py„g.„ic, 

, the n^ethod for increasing an individual's oxygen 

carrymg capaaty ^ ^^^^ .^.^^ ^^^p^. 

,etrarnerichen.oglob.n.pr d cedby P 

(A) removingendotoxmfromaprep ,,,,, ,ells; and 

removing oxygen from the preparation contammg 



(B) 

(C) lysing red blood cells; 
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;:;"rlsen.o..nr„n,ap«pa.a.o„ — ^^ooaceUs., 

s:-;=rce™.i— ^^^^^^ 

vacuum. ^^unHiment wherein the process for 

The — a.dU,o„a,,y — ■hesub.n,— 

p.p.ing such no„-,yroge*, endo.oxin-free. sucna-ftee, 
^> -ss-Unking.hesepara,edhe.os.ob.. 
LL-Unked hemoglobin wid, a *.e solution of he.ogloh.n. 
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or (C) comprises subjecting mc icu 

t-.n The invention further concerns the sub- 

embodiments wherein process step (B) (C ^ 
5 solution of the eells under vacuum at a speed sutflcen. P 

'^"":::::;:::-acon,.nercont.nin.anon.p.o.nic,endot„^ 

,.,s::Lcross.h„.dtetrame.hemo.— 

particuiarly concerns the embodiments in whtch the — 

„..d of oolyethyleneterephthalate, or is an implantable delivery de 

:r:::::;;nic,endoto.Mree,s.roma.frec,cross.,in.edte.r»^^^ 
hemoglobin compDsition to a rectptent. _ „„„ .y^genic, endotoxin-tee, 

:movingo.y.e„fromtheprepara.ioncontainin,reabloodcells; 

;:rro;:^.-"omaof.e,ysedredbl^cells.,and 
, (E) cross-linking the separated hemoglobin; 

removing endotoxin from a preparation containing red blood cells; 

rT^'^ Ivsing red blood cells; 

C- rlvingoxygenfromhemoglobinofthelys^r^Hoodcens 
, l\ :epJghemog,obinfromthestromaof.he,sedredhioodceUs,and 

::m:::::r::=^^^ 

30 Ilglobinhasbeenm^ifledhyreactionwithpyridoxal-S-phosphate. 



(B) 
(C) 
(D) 
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The — particutaly concerns fte en,bodin,enU wherein U,e he.og.obin of 
.chno!p.osenic,ena„— ,oxysen-free,s»n.-free,cross.Un^.^^^^ 

:l;oliln,an.h„vineorporcinehe™o,ob..Such»o,ec^^^^^ 
riyofav.rie.yofsources(forexar„ple,fr„n.anin,al«v..econ,h,na„. 

technology, from chemical synthesis, etc.). 

DETAILED DESCRIPTION OF THE INVENTION 

The present invendon concerns a non-pyrogenic. endotoxin-free purified 

preparation of cross-linRed, stroma-free hemoglobin. As used herein, a P'^P-^ "J 
::oglobinissaid.obe.-non-pyr„geni..fi.may.aa»inis.ereainto.md^^^^ 
Llspeciesas.hatfr„mwhich.hehemoglobin.asderived0.e.,ahnmanfor 

human-derived hemoglobin, etc.) without causing an immunologic or pyrogemc 
!:ron(suchasinfiamma.ion,aggluUna.ion,clo.Ung,e.c.).A„yofavar.etyo^^ 

::Jmployed.odemons.rate.henon.pyrogenici.ofthec„mpo.t.^^ 
presentinven.ion.inter,euH„-6ando.hercytoMneinduc..o„(Poo,E^^^^^^^ 

L— y^^^»^nU.998),Poo,e,S..<..,Oev.B..<.W^^M^^^^^ 

human monocytoid cel. line assays (Eperon, S. e, al. J. ln«<^l « 
:,),Ta..arY.S.e,...Pl.ann.Pharmaco>.43.78.82<..91«^^ 

Loebocy.e.ysatea-,ies.(P.iwara,„...,.*.^^^^^^^^ 

\ rabbit pyrogen test (BleekerW.K.erai.,rTOg<-- 

Simon, S. a/., Oev. mo ^^^^ 
Med. 45:449-458 (1973)); all herein incorporated by reference. 

is the preferred pyrogenicity assay. 

.susedherein,apreparatio„ofhemo,obinissaid.obe..stroma-fre^^ e 

■ p^parauonnolongerexhibiutheimmunoreactivitytobloodtypeanugens 

:::.eris.icofKBCs.S.roma-freehemog.obind,ussubstanUallylac.*^^^^^^^^^ 
and/or pyrogenic properties associated«i,hprepara.ionsofhemoly.dredbloc<.c* 
llLbeadministeredto an .dividual withoutcausingtoxicity or rnflammarory 
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of .hepresen. invention, endotoxin-freehemoglobinhas an an,ou..of 
purposesofihepreennn 0-1%. of *e amount of 

— "™^":rrP:r'ra;fl,ne«,oa.t.tnanssnc,,en.otoxi. 

" .e..«nto,obi„appeateato,«ve.^ 
„poni.CIl— .ion,ptiotptepatatio.o,DBDF — ^ 
upon It Sim . , „ ^„ The Dresent invention has identified several of 

hemoglobin (FXSFti) 

PrincioallY the hemoglobin derivative must be prepared 

,erette.toa.Loma-ftee.eoxyhen,o,io.in.u™a„disintheHs^ete„et^ 
W„..T.c„nf.gntatio„.HetnogIoHnct„ss.Un.e.intheptesenceofoxy,enb^^ 
tense or 1 6 , a,e oxygen to tlie tissue under physiological 
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jsws 



4 



• u .in the PH of the solution which must be compensated for 
removed, there is a change m the pH ot th ^ 

causes denatured protein; surfactant adds endotoxm. 



I. Preferred Method for Producing FXSFH 
A. Sources of Hemoglobin 
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The c,oss-«ed s<ro™-ftee hemoglobin ("FXSFH") of .he presea, .nvenuon 
T ..„deworki„gda,wimapropertye,uippedlabora,ory. Aimough 

00/13645 both herein incorporated by reference, a 

■ 1 ^^.,,^cPf^ ftf a mutant hemoglobm proiein. 
or be entirely composed ot, a mu binding/release 
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4 

reference. 

B Cleansing of Membranes and Equipment 

materials and equipment. „.„rf,™md 
P^ferably.suchcleansingisaccomplishedbypre-washtngsurfacesand 

— nt that wiU conte into cont^t with the FXSFH o, the present inventton „s,ng 
0 ",utionofhen,o,ohin. Such a soiuUon serves to hind endotoxin and hence » 
!!;:Ld„a:e„dotoxintha,n,a.hepresento„s„chntenrhranesore,»tpn,ent. The 

drtate solution of hemoglobin is preferably discarded after each use. 
C. Removal of Oxygen 

The erythrocyte preparation that is to be used as the source of the hemoglobin of 
, .epres'lnTentionistteatedunderconditionssufftcienttoremoveoxygenpresen 
15 thepresen. i„,,„uon concerns an improved process tor 

!r:::;rr:prep:«o..Suchdeo.gena.io„ma,beperfo.^^ 

™or to or subsequent to erythrocyte membrane disrupnon. 

Theremov^ofcontaminatingoxygenduHngthchemoglobinrsoauon 

,0 probablythemostcriticalsteplntheformaUonofFXSFH. This step rsdr^^".- 

ottne oxygen 11 .,„f.T» Mate hemoglobin present m their 

in the solution nor do they estimate the amount of T state hemog 



" '"lofdeoxygenationcanbemeasuredbygaschromatograph,— - 
,.edd::.:(e.g.,a— analy.er(Mocon,Minneapolis,Minn.>,bymeasurmg 
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pO, or by measuring *e special shift .ha. is charaCerisnc of .eoxyhemoglobin 

formation. 

1. Removal of Oxygen Prior to Erythrocyte Membrane 
Disruption 

A preferred me.hod i. .o remove me oxygen from .he red Wood eells .ha. have 
^„„ashedi„is„.onicsa,ineprior.ohypo.onic.ysis.TheceUssUUhavea,arge 

tatracellular eo„ce„„a.io„ on. 3-DPG and d>us a lower affini.y for oxygen. The 
„embranepreven.s.hehemoglobinpro«infrom(oamdenau,rauon. 

:„ ,his embodimen, oxygen removal is effeced by subjecing .he eryduocy. 
p^parauon .o a vacuum suffcien. .o remove oxygen from .he prepararion. In a h,ghly 
preferred embodimen, oxygen removal is accomplished by agi.ating. or even more 
preferably, by eenMtuging. d,e cells while under vacuum. Such .rea.me„. .alces 
advan J of d,e fac. .ha. oxygen has a looser affmity tor hemoglobin con.amed w,*m 
cellularmembranesttranUdoestorfreehemo^obin. By conducting Ore oxygen 
lova.prior.oery.hroey.emembra„edisrup.io„a.e..whi,ed,ehemoglo^.w.^ 

inuc. ery.hrocy.es) undcsir«. side effecs, such as bubbling or toamrng of .he pro.em 
::::LnaLonareavoidedormlnimi.ed.Ce„M.ga.ionshou.^ 

exlensive .o allow deoxygenaUon, bu. suffciendy gen.le .o avoid unaccepmble lysrs 
tragileery.hrocy.es. Hear may be provided .0 preven. dre solution from freezrng. In 

genera,, i. is preferred .o keep U,e cells a. room .emperamre and .o employ a vacuurn 
!ufflc.en..oe,ual*evaporpr«sureofwa.ra..hesolu.ionof.hc.n.pera.ure.Af.r 

.be removal of oxygen, all ftrnher s.eps are conduced in .he absence of oxygen, y,. 
preferred embodimen., such furtirer s,eps are conduced under nitiogen (or Cher mer. 
gas) posirive pressure in the absence of oxygen. 
,5 Emphasis is .0 be made .ha. while tius embodimen. provides a s.gmf.ca„.ly 

^proved mchod tor deoxygenaring hemoglobin, care mus. be made .o be very 
thorough in die removal of all ttaces of oxygen. 

approxima.ely,Ovolumesof aeoxygenated.endo.oxin-free water. The water m^be 
30 roxygenatedbyapplicatio„ofavacuumandwarmingofti,esolution,pre,erably.o.. 
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whatevermea^sisdesired. A p^fened mefl-od is .he use of a „i«oge„ posmve 
;I::ee„v.o„™e„..s>ove.ox.0.eH„e„sases,e.S..a..on,«a,.e,u— 

employed in lieu of nitrogen. 

2. Removal of Oxygen Subsequent «. Erythrocyte Membrane 

Disruption 

^ an alternate p«te.ed e.— , ,he e,ytbrocy,e membranes a. disrupt^ 
prtorledeoxygenauonprocedure. in .Msembodlmen.,.eSPHhasbeen separated 

rIbesUomapr>or.ode„xyaena«o„,anaKasals„beensepara.edfmm.^b.s^^ 

,■ Jtv DPG found within red cells. Due to the lowered (or absent) 2 3 
^O—! Is™wi.,havearel.Welyhi.af«,foroxy.^^ 

i it is subject to foam denaturation during the removal of oxygen. 

Lrdingly. the erythrocyte preparaUon is preferably subjected to hypotomc 

ivsis and the lysate or ..tentate is then fUter^i to remove the stroma. Oxygen 

. ^^^^^^^ 

plpressureof water atthetempera^reof the solution, whilethesolutronts 
Iieda.asp^sufr.cienttoprod„ceaforcegreater.ba„thesur,ace.ens,onof 
« rln. Thesearegeneral,ylowspeedsandcaneasi.y.met„itbprepara.ory 

Ilges orthoseofacontinuousflowvariety. B is desirable to cons.der the 
::Xfthecon.ainersoftheSP„.o.suretha,therewinbeade,uatesurfacearea 

Clhange,and.hatthe.emperatu.canbemaintaineda„d.heso,uUonno. 
allowed to freeze. 
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T.e dSFH p^pared .he manner describe above . p.ferab.y — ed ,„ 
. L .he pH of me p^paration is preferably adi«s.ed .0 a range 
iu inert envronmen. and .he pH 01m P P .|,„h of .he solulion is 

^ n 8 S and most preferably about pH 7.2. The pH or 

fe^d method involves dre use of a nittogen posi.ive pressure 
r::::::::!.. — otherinertgasesmayhee..^^^^^^^ 

D Membrane Disruption 

„emo,obinmaybereleasedfromd,eery.hrocy.ebyhypo.„.c..sm^ 
.oiumesofdeioni^dwater. 0.herme.ods of erythrocyte ys.suchas^*w 
, hypo.o.clysis..or..fr..e,ha..,nayalsobeem.oy^-.^ 

-n, «5-47-57 (1975), incorporated by reference in its entirety, u 

en.slf.hepr^n.i„ventio„,thecellsa..ysedbyflo.mr.mg 

Cite<i.edbloodcensin isotonic saline withnvolumesofdeoxygenated. 

25 The use ot a sonic invention 

referred to as "dust"). Agitation methods suitable for use in th p 
includeamagneticstirbarandamechanical rocker or shaker. 
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E. Separation or Stroina From Hemoglobin 

The stro™ may be removed by u„rafa„aao„ o,.he oxygen-free hemolysa« 
overa0.5.fi..rw.ehre«ins.heceUu,areo.po„e„.sa„dpasseUheKemo,^^^^^ 

AUemaavely. U,e ceUuiar debris is .moved by subse,ue„, fi.»a,ion ...ough a 0.2 , 
filter UlttaflittaUon membranes sui^bie tor use in *e present invent-on are 
commercially available from, fo, example, Miil.pore Corporation. This step ts 
plabiype*rmedat4Xas rapidly aspossibleafterbemoiysis of theerytbrocyte 

rdinanoxygen-fteeenv— ItisunderstooatKatotKerme.bodsofremovtng.be 
stroma may also be used in .he present invention. 
F. Removal of Phosphate Ion 

Bucci e, al (U.S. patent No. 5,290,919) have reported .ha. removal of organic 
phosphates, e.g.,2,3.dipbospboglycetate, is necessary inhumanhemolysatesbecause 

the site of the cross-Unking reaction is tKe same as tKat occupied by 2,3- 

Tp spKoglycerate in Kemoglobin. Accordingly, in a prefetred embodimenUbe dSffl 

Tha pIL.broughtbefU.cristhentreated.oexchangepbospbateforchlot.. For 

tus pulse the dSFH is passed, in tKe absence of oxygen, through an .on exchange 
"lhasbeenprevious,ypreparedande,uilibra.ed»i.hc. 

!llial.yav.lablefromPKarmactaandWa.e..TKeionic— ^ 
, that competes for fl.e aspirin binding site during the reaction with BDBF. 

G. Concentration of SFH 

After such treatment, U,e s»oma-free Kemolysate is c„ncen.rated by a membrane 
,ha, does not allow for the passage ofKemoglobin. Preferably, the s«o.na-free 
lolysate isc„ncentrated„singafilterhavinga30,0«)MW cut-off. P.fen*.y,U^= 

,3 1 -fteebemolysateisconcentratedtoa,%-20*Cg«,solu.ion. Morep.erab,, 
rstroma-..eKemolysateisconcent.tedtoabout5.„ab„u.lO.. Most p.ferab,y, 

the stroma-free hemolysate is concentrated to about 10%. 
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co„ce„«a,ed .o.uUon should be equiUbrated wiU, buffer and .he pH should 
,eadius.d. P.terabl.*epHlsadius,ed.oapHo,7.40. However, a pH of between 
about 6.5 and about 8.5 can be used in the present invenUon. 

H. Cross-Linking with BDBF and Reaction with PLP 

The completely deoxygenated. phosphate-free SFH is cross-linked to fotm 
retrameric hemoglobin. In a preferred embodiment, the dSFH is cross-linked wtth b.s 

,• 1 Larate (BDBF) We, U.S. Patent No. 4,529,719, hereby incorporated 

dibromosalicylfumarate(.liL>i5rn^y'=' 

by reference in its enUrety). To accomplish thi. BDBF cross-linRer ,s a^ed, 
ling to provide mixing, to the dSFH preparation at a molar ratio of BDBF cross- 
:;LdS™ofgreaterthanU.Pr.ortosuchaddition,.hepHofthedSFHp.p.^^^^^ 

,3 adjusted to match that of the BDBF The pH of the ration mixture ts care«U 
maintained by the addition of acid or base since the solution is not buffere^. m 
reaction is very quick, taking 5 minutes or less. The reaction is permitted to go 
completion (approximately 5 minutes). 

Pyridoxal 5 phosphate (PLP) has the ability to modify hemoglobm by 
introduclnganegaUvechargenearapenultimatebetachainMstidineresid^.^^^^^^^ 

removing a positive charge at the amino terminal end of the same chatn. Th se ch«ge 
hanges sta ili.anewmoleeularco„f,gurauontha.issin.lartothehemoglo .^^^^^^ 

;ip:sphoglycerate)complex.Signir.cantly,thehemo,obinofthi— 

has an oxygen afflnity resembling that otnaUve hemoglobin w.thm the red cell, 
pluctm^haveoneor twoPLP molecules attached per.e.ramer.Althoughpr,or 

PLP-hemoglobin preparations had a satisfactory oxygen afftnity profile, ^e 
„lar retention time was too short to permit such pteparahons to ^ acceptable 
^.resuscitaUon fluid. Additi„na,ly,.heywerefound.oca.eosmot.cdr^^^^^^^ 

Accordingly, after the cross-linking reaction has been completed, pyrtdoxal 
phosphate(PLP) is added.othedSPHp«paration.Th=PU. is reduced withsodtum 

L ydride and then permitted to react with the cross-linked dSFH and to form 
™yHdoxal-3.-phosphate(FXSFH-PLP)usingthemethodsdescribedbyBenesch 

(Blesch e, al, BiocHen,.,ry ,/:3576 (1972); Benesch al.. .ioc.». B,.p.ys. 



-18- 



Re. Con^un. «(4):n23-9 (1975); Bene^h e,al., Me,W. B.zymoL 76:W-59 
amy Benesch e, al.. J. Biol. Chem. 257(3):1320-4 (198a); Schnackerz e, al.. I B,ol. 
Ckem 2iS(2):872-5 (1983), aU of wUch ^fe«nces are incorporated by reference m 
their entirety) with the change that all reagents are ftee of endotoxin and oxygen artd the 
i reaction occurs in the absence of oxygen. 

Although the properties of deoxygenated stroma-tr^ human hetnoglobm benefit 
from the above-described pyridoxal 5 phosphate reacUon, deoxygenated stroma-free 
bovine hemoglobin does not require this step. 

I. Equilibration 

,0 FXSFH can be equilibrated with lactated Ringers solution. After equilibration, 

the solution is sterile filtered into suitable infusion containers. Infusion containers 
suitable for use in the present invention include, but are not limited to, sterile IV bags. 
P^fer^d infusion containers prevent gas exchange (i.e., impermeable to oxygen) and 
the FXSFH is stored in the absence of oxygen. This is expected to prevent the heme 
15 oxidation to form methemoglobin. 

J. Formulations of Blood Substitute ComposiUons 
The FXSFH of the present invention can be formulated into a blood substitute. 
Such formulations can include other components in addition to the FXSFH. For 
example, a parenteral therapeutic composition can comprise a sterile isotonic sabne 
20 solution. The formulations can be either in a form suitable for direct administration, or 
in a concentiated form requiring dilution prior to administntion. The formulations of 

the present invention can tttus contain between 0.001% and 90% (w/v) FXSFH. 
Suitable compositions can also include 0-2(X)mM of one or morebuffers(for example, 

acetate, phosphate, citrate, bicarbonate, or Good's buffers). Salts such as sodium 
25 Chloride, potassium chloride, sodium acetate, calcium chloride, magnesium chlonde can 
also be included in the compositions of the invention at coucentiations of 0-2 M. In 
addition, the compositions of the invention can include 0-2 M of one or mote 
carbohydrates (for example, .educing carbohydrates such as glucose, maltose, lactose or 
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„„„ .ducing carbohydrates such as sucrose, «eh*se, raffnose, ma«..o,. .s— 

TZ and 0-2 M of one or mo. alcohols or poly *ohols (such as polyethylene 
T:™: er„ls,de.„ans,orpolyols, ThePXSPHonhepr^nUnvenU^^ 

ra.:— S..*ofoneornroresurfac».andO..«>^ 
::isa.„.aore.a.nple,e.hylenedlan.ne..raaceUca«.^^^^^^ 

• fv,„i ^thcA N N N',N'-tetraacetic acid (bu i Aj, 
elvcol-bis( beta -anunoethyl ether) JN, IN .i^^i 

plna„.hroU„e,d.e*yla.nlne.a™lnepe„uaceUcaad(B^^^ 
pln^ceac acid) and .he «. The conrposlUons of ,he .nvenuon can also be abou 

'"''TtFXSPHofU,epresenri„ven.lonn,aycon.ains 0-300 .r^ofoneornrore 

.us for example chloride salts, O-ltX, mM of one or nrore non-reducing su^s>100 
*leorLbuffers,0.0.-0.5%otoneor.norest^actants,and0..50n^of^ 

Crn,oreche,a.ingage„ts..astUlfurthere.nbod.ent,theco.npost„^^^^^^^^ 

. 0 01-01% surfactant, and 0-50 MM ol 

i^nmMNaCl 0-10niMsodiumphosphate,andU.ui u.i/ 

150mMNaU,u The formulation may conUJin 5 mM sodrum 

one or more chelaUng agents, pH 6.6-7.8. The lormu , 

phosphate, 150 mMNaCl, 0.025% .o0.0S% polysorbate 80, and25 pMEDTA, pH6.8 

Additionaladditivestotheformulationcaninc,udea„ti-bac.erialagents,o,,c.. 

pressure agents <e.g. albumin or polyethylene glycols, and other formulauon acceptabl 
rlgln e cipients..ownin.heart.Hachformu,a.ionaccordingtot ep.^^^^ 
"n can additionally comprise consuments including carriers, diluents, mers, 

:r:o,her«aterialswel,-.nownintheart,theselec.ionofwhichdepen^^^^^ 
pIularpurpose.obeachicveda„dthepropertiesofsuchad.tiveswhrchcanbe 

readily determined by one skilled in the art. 

The compositions of the present invention can be formulated by any method 
^own in the art. Such formulation methods include, for example, simple mrxmg, 
sequential addiUon, emulsiflcation, diaHltration and the like. 
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n. Considerations for Production of FXSFH 

A. Elimination or Reduction of Endotoxin ContanUnation 

Serum lipases, such as lipase A. do not mactivate endotoxins bound ,o the 
hemoglobin molecule. The^fore, endotoxins .main active toxins when taken up by the 
hepatocytemetaboli^ng the hemoglobin. Friedman. H.l. repotted triad 
hepatoxicity in a rat model consistent with this theory (See, Friedman, H.I. e, aU 
/nv«s< 39:167-77 (1978). 

Rausch e. <.( (U.S. Patent No. 5,084,558) have reported a substanually 
endotoxin-free hemoglobin blood substitute. Co.pan . al. (U.S. Patent No. 5,747,663) 
have reported a process for reducing or removing endotoxins from a cellular lysate 
soluUon. Wainwright e, a,. (U.S. Patent No. 5,627.266) have described an endotoxm 
binding protein immobilized to a soUd support and the use of this molecule in the 

removal of endotoxins from solution. 

under one preferred embodiment, the eliminaUon of contamination wth 
endotoxinsisensur^byprevenUngdreadditionofendotoxinstothechemical 

processes of the present invention. Typically, endotoxins ate added inadvertent^ by 
using endotoxin contaminated water. Generally, researchers are more conceme^ wrth 
sterility than endotoxins. Measurement of endotoxms is difficult, and standard LAL 
binding assays do not work in the presence of hemoglobin. Indeed, because endotoxrn 
binds strongly to hemoglobin, endotoxin levels cannot be accurately measured usrng 
LAL assay in the presence of hemoglobin. 

Water is the most lilcely candidate for introduction of endotoxins because 
researchers have long ^ogniz^ that increased number of steps in the preparation of 
hemoglobin increased the level of toxicity. PreparaUons using dialysis and f tratron 
25 methods could easily have exposed the hemoglobin to a thousand volumes of 
water/buffer contaminated with endotoxin. 

The water and the reagents used in the present invention must be substantrally 
free from endotoxin contaminaUon. Preferably. Ure water and the reagents used in t^e 
present invention are completely ftee from endotoxin contamination. Preparauon of 
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FXSFH in th. absence otendotoxta is exuemely difficuU to prepare on bench top 
bu. in a closed system dedicated to FXSFH manufacture, exclusion of endotoxin would 

be easier. 

one way to .educe the risk of endotoxin contamination is to reduce the amount 
of water and reagent buffers exposed to the hemoglobin preparation. Therefore, under 
one prefetred embodiment of the present invenUon. the hemoglobin preparations are 
made usingcounter-flow or counter-cur^ntdialysis for cuiUbrationotbuffers and/or 

.moval of reaction products. Counter flow dialysis methods are suitable tor use in the 
p^sent invention are commercially available (e.g.. VariPerm M. bitop, Witten (see, e.g., 
3 Schwarz,T. e, al, EUcropkore.is 15:1118-1119 (1994)). Spectrum Uboratones, Inc.. 
Laguna Hills. CA, etc.). It is estimated that the hollow fiber technique will yield a 
FXSFH preparation that has a 100 fold reduction in the amount of endotoxm as 
compared to standard synthesis techniques. 

B. Reduction or Elimination of Contaminating Phosphate 

,5 Because inorganic phosphate interferes with the cross-Unking reaction, it needs 

,0 be removed ftom the hemoglobin in order for the teaction to provide a satisfactory 
vield This can be accomplished using a suitable exchange resin with chloride ron. A 
buffer must be provided it there is a substantial change in the exchange ot the phosphate 
ion for the chloride ion. Preferably, phosphate buffers are not employed during any of 
20 the processing steps of the present invenUon. 

Under one embodiment ot the present invention, the dSFH solution ts 
substantially free from inorganic phosphate. P^terably. the dSFH solution of the 
present invention is fr^ from inorganic phosphate. One way of removing inorgamc 
phosphate from the dSFH solution is to pass the SFH solution over an ion exchange 
25 matrix equilibrated with chloride. Such a pro«ss removes phosphate by competing 
with phosphate for tite aspirin binding site othemoglobin. This is done in a niuogen 
atmosphere. The solution is titen concentrated to the desired 10% range and cross- 
linked using the BDBF c„>ss-linker, at standard amtospheric pressure. It human 
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hemoglobin is used. *e„ the .acUon with pyridoxal 5 phosphate and bo^hydride is 
carried out under nitrogen in the absence of oxygen. 

Preferably, any ion removal or buffer equiUbration is performed using counter 
flow dialysis so as to prevent accumulation of endotoxin in the subsequent product. The 
material is then sterile filtered into a suitable container. 

A second problem has been reported to occur in the preparation of cross-hnked 
hemoglobin for inftsion as the phosphate ion must be replaced prior to infus.on to 
prevent binding a buffered species in plasma. 

Oxygen affinity of the hemoglobin derivative of the present invention can be 
measure using the Hemoxyalayser™ (TCS-Medical Products) or the Gill cell described 
by Dolman e, at. Ami Biochen,. 87:127 (1978), incorporated by reference m «s 
entirety. 

C. Nitrous Oxide Regalatton of Arterial Blood Supply 

Nitrous oxide is an important regulator of the arterial perfusion of any tissue. 
Nitrous oxide is synthesized and released by the endothelium in the arterial wall and 
bindstothehemoglobininredbloodcells. When a Ussue is receiving too much 
oxygen, nitrous oxide is not released and the arterial wall muscle contracts making the 
vessel diameter smaller, thus decreasing perftrsion. When demand for oxygen inc^ases. 
*e desaturated hemoglobin relea^s nitrous oxide, which causes vasodilatahon. The 
nitrons oxide control of arterial perfcsion works over small distances in the artenal 
supply. Because nitrous oxide binds to hemoglobin inside the red blood cell, >t rs 
expected that the nitrous oxide wiU bind FXSFH as well. 

It has been observed that FXSFH infusion causes vasoconstriction of the blood 
vessels, resulting in ext^mely high blood pressures in the affected areas. This can make 
5 ,heaftectedbloodvesselsveryporous.andtheFXSFHs„lutioncanleak,ntothe 

surrounding tissues causing the tissues to urm p«.Tle. ^ -bbi. models, transftrsion of 
FXSFH through the ear vein has caused cerebral vasculature ischemia and death. 
Therefore, it is imporiant to minimdze the impact of admiuistmtion of FXSFH on the 

arterial system during administration. 
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Under a preferred embodimenc of the present invention, nitrous oxide or a 
vasoactive agent such as verapamil, Atenocard, etc., is adntinistered to the patient pnor 
,0 FXSFH infusion. This is intended to ensure that the arterial systetn is nummally 
changed during infusion. Nitrous oxide and verapamil are preferred vasoacUve agents. 

5 under another preferred embodiment, the infusion rate of the FXSFH solution ts 

slowed down to prevent substantial changes in the arterial system of the patient. Slow 
channel calcium blockers (or a selecUve inhibitor of cyclic guanosine monophosphate 
(cGMD-speciftc phosphodiesterase type 5 (PDE5), such as sildenafil citrate) may also 
be helpful in the ptevention of the severe vasoconstriction. However, a slower inftrsron 

10 rate may not be preferred with respect to a trauma paUent. 
D. Packaging and Storage of FXSFH 

The FXSFH of the pt^sent invention may be stored in conventional, and 
preferably oxygen impetmeable containers (for example, stainless steel tanks, oxygen 
impetmeable plastic bags, or plastic bags overwrapped with low oxygen permeably 

15 plastic bags wherein an oxygen scavenger is placed between die internal plastic bag and 
the overwrapped plastic bag. In another embodiment, .he storage stable hemoglobtn 
solutions can be stored in oxygen permeable or oxygen unpermeable ("anoxtc") 
containers in an oxygen contiolled environment. Such oxygen controlled environments 
can include, for example, glove boxes, glove bags, incubators and the like. Preferably 

20 the oxygen content of ttte oxygen contiolled environment is low relative to amtosphenc 
oxygen concentrations (see, Kandler. R.L. e,a;.,U.S. Patent No. 5,352.773: herein 
incorporated by refe,.nce).lnapreferred embodiment, the FXSFH of the present 

invention will be packaged in sealed Tyvek®, or Mylar® (polyeUtylene terephthalate) 
bags or pouches. In a second preferred embodiment, tite FXSFH of the present inventton 
25 will be lyophilized and stored as a powder. 

The preparations may be stored at room or elevated temperature (Kandler et al, 
PCT Publication No. WO 92/02239; Nho, PCT Publication No. WO 92/08478. both 
herein incorporated by reference), or more preferably under refrigeration. 
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In one embodiment, one or more antioxidants such as ascorbate (Wiesehahn, 
G?etal, U.S. Patent No. 4,727,027; Kerwin, B.D. et al, U.S. Patent 5,929,031); 
gluathione, acetylcsyteine, methionine, tocopherol, butyl hydroxy toluene, butyl hydroxy 
anisole, or pholic compounds (Osterber et al, PCT Publication No. WO 94/26286; 
Kerwin, B.D. et al, U.S. Patent 5,929,03 1) may be added to further stabilize the 
preparation (all such references herein incorporated by reference). 

Alternatively, and more preferably, the FXSFH of the present invention will be 
lyophilized and stored as a powder, or will be packaged in sealed Tyvek®, or Mylar® 
(polyethylene terephthalate) bags or pouches. Packaging such Kerwin, B.D. et al, U.S. 
Patent 5,929,031, herein incorporated by reference). 

a preferred embodiment, the FXSFH of such storage containers will be 
subjected to irradiation or other sterilization treatment sufficient to extend the shelf-life 
of the compositions. 

III. Pharmaceutical Uses of the Compositions of the Present Invention 

The FXSFH of the present invention may be used to form pharmaceutical 
compositions that may be adrhinistered to recipients, for example, by infusion, by 
intravenous or intra-arterial injection, or by other means. 

The FXSFH formulations of the present invention can be used in compositions 
useful as substitutes for red blood cells in any application that red blood cells are used. 
Such compositions of the present invention formulated as red blood cell substitutes can 
be used for the treatment of hemorrhage where blood volume is lost and both fluid 
volume and oxygen carrying capacity must be replaced. Moreover, because the FXSFH 
of the present invention can be made pharmaceutically acceptable, the formulations of 
the present invention can be used not only as blood substitutes that deliver oxygen but 
also as simple volume expanders that provide oncotic pressure due to the presence of 
the large hemoglobin protein molecule. The FXSFH of the present invention can thus 
be used as replacement for blood that is removed during surgical procedures where the 
patient's blood is removed and saved for reinfusion at the end of surgery or dunng 
recovery (e.g., acute normovolemic hemodilution or hemoaugmentation. etc.). 
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A typical dose of the FXSFH of the present invention as a blood substitute is 
from 10 mg to 5 grams or more of extracellular hemoglobin per kilogram of patient 
body weight. Thus, a typical dose for a human patient might be from a few grams to 
over 350 grams. It will be appreciated that the unit content of active ingredients 
contained in an individual dose of each dosage form need not in itself constimte an 
effective amount since the necessary effective amount could be reached by 
administration of a plurality of administrations as injections, etc. The selection of 
dosage depends upon the dosage form utilized, the condition being treated, the 
particular purpose to be achieved according to the determination of the ordinarily skilled 
artisan in the field. 

Administration of the FXSFH of the present invention can occur for a period of 
seconds to hours depending on the purpose of the hemoglobin usage. For example, as a 
blood delivery vehicle, the usual time course of administration is as rapid as possible. 
Typical infusion rates for hemoglobin solutions as blood replacements can be from 
15 about 100 ml to 3000 ml/hour. However, when used to stimulate hematopoiesis, 

administration can last only seconds to five minutes and therefore administration rates 
can be slower because the dosage of the FXSFH of the present invention may be much 
less than dosages that can be required to treat hemorrhage. 

In a fiirther embodiment, the FXSFH of the present invention can be used to 
20 treat anemia, by providing additional oxygen carrying capacity in a patient that is 

suffering from anemia, by stimulating hematopoiesis, and by serving as an adjuvant to 
erythropoietin therapy. Likewise, the FXSFH of the present invention can be used to 
provide additional oxygen carrying capacity to an individual (such as an athelete, 
soldier, mountaineer, aviator, smoke victim, etc.) desiring such additional oxygen 
25 carrying capacity. The formulations of the present invention thus are useful in treatmg 

hypoxia and ischemia. 

In addition, because the distribution in the vasculature of the FXSFH of the 
present invention is not limited by viscosity or by the size of red blood cells, the 
compositions of the present invention can be used to deliver oxygen to areas that red 
30 blood cells cannot penetrate. These areas can include any tissue areas that are located 
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oxide and non-oxygen hgands. Sucn tr 

adnanis^ation of FXSFH .o *e patien, or in an ex wo manner (as 
patient's blood with innnobilizedFXSFH, etc.). ^ ,„eh may be detected 

The FXSFH of the present invention contams iron, and as such, m y 
The FXSFH or t ^.^^ i„ a further embodiment, the present 

via MRI (magnetic resonance rmagmg). Thus, ma 

, inventioncontemp.a.estheuseofFXSF„asanU^n.a^..^ ^^^^^^^^ 

— --""i: : r:^;.rb,o<..,.diversity. 

for 12 main blood types, non-human ammals exhrb g 
^eexistenceoflargernnmberso— — 

20 Pr<,<:<25:1323-1332(1995);Harrell,K.A.,««.'., ^heFXSFH 
,,,333-,3«(19,5),bo.hreferenceshe,eininco^ra»dt^...^^ 

formu,ationsof.hepresen.inve„Uon,whichcanbe^^«^^^^^^^^^ 

,He recipient, thus finds additional utility as a blood subsutute 

(e.g., dogs, horses, cats, etc.). „„„„He delivery devices (such as 

25 *°~rr""cap!bleofreleasingFXSF„ 

— ''--^i^^'^irrrj^r— 

into the circulation m response to a sens^ ^^^^ ^ 

.oneemb.imen..uc— 

„eryt^po.-M^.-^ 
30 second embodiment, the devices wm 



-27- 



10 



o level CO,leveU.c.)-astodeUverFXSFHa,.ra.e 
probes of hemoglobin, O2 level, needs Such sensing means 

extracorporeally. In a ft^rther sub-embod.ment, such de 
or facilitate the hemo-diagnosisofindividuals. 

, Uses of the Compositions of the Present 
IV. Non-Pharmaceutical Uses ot me 

Invention 

^ePXSPHo.«,ep.senanven.lonma,alsobe^^^^^^^^^^ 

:r:rn:==--^---*-"^"^^^^"*""^" 

c„l»re, and removal of oxygen from solnhons- ^ ^^^^^^^^ 

Additionally, ae FXSFH of the present invennon 

donated tissues and organs during transport. 

l.apreferrednon-pharmaceu.icaluse,th^^FXS 

,.ed.oscavengeend„.o.«f— -1^-2^^ 

contemplatesdeviees,snchascartridges.filt«he^^.^^ 

• .i,. FVSFH of the present invention. Liquias,b 
.hatcontaintheFXSFHo p,,,,ge over or through such 

medium, albumin solutions, etc., m y 
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..econcentrationofendotoxinpresentmsuch 1*^ 
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the FXSFH of the present invention can be used to remove 
In a similar manner, the FXSFH onn p 
o.y,enfromsoIutionsre,uiringtheremovalof oxygen, andasreferencestan 

analytical assays and instrumentation. ^^^^ 
The FXSFH of the present invention can also be used m 
u- .«iir„ltiirebv maintaining oxygen levels, 
growth m cell culture by m ^modifications may be 

.ademthepreent 



invention. It will be additionally apparent to 



f on of the present invention is intended to cover any variations, uses or 
construction of the prese . 

• thf invention following, in general, tne prin^ii^ 
adaptations of the inventio ^^^^ 
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